It has been increasing rapidly interest in understanding genetic effects on brain structure and function in recent years. In this study, we examined the genetic and environmental influences on the variation in cortical thickness and specific tissue volumes in a large cohort of 8-year-old healthy twins. The present study can provide a better estimation of the genetic and environmental effects by virtue of the homogeneously-aged pediatric twin pairs with a similar growing environment. We found that common environmental factors contributed significantly to the variations of the right lateral ventricle (36%) and corpus callosum (36%) volumes while genetic factors accounted for most of the phenotypic variance in other brain tissue volumes. In the case of cortical thickness, several regions in the left hemisphere showed statistically significant additive genetic factors, including the middle and inferior frontal gyri, lateral fronto-orbital and occipitotemporal gyri, pars opercularis, planum temporale, precentral and parahippocampal gyri, and the medial region of the primary somatosensory cortex. Relatively high common environmental influence (> 50%) was observed in the right anterior cingulate cortex and insula. Our findings indicate that the genetic and common environmental influences on individual human brain structural differences are lateralized, with the language-dominant left cerebral cortex under stronger genetic control than the right.
Introduction
Twin studies have been an important tool for distinguishing the relative contribution of genetic and environmental influences on the phenotypic variation of human brain morphology (Boomsma D et al., 2002) . Genetic influence is typically expressed as a heritability statistic which reflects the proportion of genetic variance over the total one. In contrast, environmental variance can be further decomposed into either shared variance including nutrition, education and experience as a member of family or unique environmental variance including individual differences in a trait and experimental errors such as lack of reproducibility in the test. Classical twin analysis is based on the difference in intra-pair similarity between monozygotic (MZ) twin pairs who are genetically identical, and dizygotic (DZ) twin pairs who share approximately half of their segregating genes. If pairs of MZ twin resemble each other more closely than ones of DZ do for a certain trait, it can be inferred that there must be a significant genetic influence on that trait. In addition to genetic influences, a presence of common environmental factors is suggested when a trait correlation within DZ twins is larger than half of that for MZ twins (Boomsma D et al., 2002) .
The human brain varies considerably between individuals in terms of the size, shape and structural complexity and many studies have shown that these variations are significantly influenced by genetic factors (for reviews, see Lenroot RK and JN Giedd (2008) ; Peper JS et al.(2007) ). Human brain magnetic resonance imaging (MRI) studies have suggested that total cerebral volume (Baare WF et al., 2001; Geschwind DH et al., 2002; Pennington BF et al., 2000) , and individual gray matter (GM) and white matter (WM) volumes (Geschwind DH et al., 2002; Wright IC et al., 2002) are highly heritable. Also, the shape of deep sulci appears to be more genetically determined than that of superficial sulci (Biondi A et al., 1998; Lohmann G et al., 1999) . However, ventricular volumes and superficial gyral patterns seem to be almost entirely mediated by environmental factors (Baare WF et al., 2001; Bartley AJ et al., 1997; Wright IC et al., 2002) . Though it has been reported that individual lobar brain volumes have lower heritability than the whole brain volume, this might be a consequence of poor reliability in regional partitioning rather than any substantial difference in heritability for these regions (Geschwind DH et al., 2002) . Advances in brain mapping technology have allowed more detailed maps of genetic influences on structural features of the human cortex, as opposed to gross measures of structure volume. It has been suggested that the cortical GM densities of language-associated areas in the left hemisphere were significantly influenced by genetic factors (Thompson PM et al., 2001) . However, statistical comparisons of the heritability among cortical regions have to be interpreted with caution because the main limitation of small sample size is the lack of power to test for the influence of common environment (Peper JS et al., 2007) . On the other hand, one recent heritability study of regional cortical thickness with a large population of healthy children and adolescents showed that several brain areas, including the dorsal frontal, temporal and orbitofrontal cortices, superior parietal regions, and inferior surfaces of the temporal lobes, exhibited statistically significant genetic effects (Lenroot RK et al., 2009 ). In addition, cerebral asymmetry is also found in the human fetus and newborn infant, thus establishing importance of genetic or intrauterine influences in asymmetry (Chi JG et al., 1977; Witelson SF and W Pallie, 1973) . Though a variety of studies have demonstrated that handedness having a significant genetic component is clearly related to the cerebral asymmetry, little is known about genetic effects that produce the cerebral asymmetry (Alexander MP and M Annett, 1996; Toga AW and PM Thompson, 2003) .
In most previous twin studies, there has been considerable age variability within the cohort. This complicates the interpretation of the findings since the brain undergoes substantial morphological change with age. Moreover, the relative contribution of genetic and environmental influences on the observed phenotypic variation in human brain morphology is also reported to change according to age (Wallace GL et al., 2006) . Early developing brain regions such as primary motor and sensory cortices show relatively greater genetic influences in childhood while late developing regions associated with complex cognitive functions including the prefrontal cortex, superior temporal gyri, and superior parietal lobes become more heritable with maturation (Lenroot RK et al., 2009; Plomin R and I Craig, 1997) . In particular, the earlier stages of primate brain development must be more mediated by genetic effects, while later stages of brain maturation might result from a more complex interaction of genetic and environmental influences (Gogtay N et al., 2004; Rakic P, 1995; Rubenstein JL and P Rakic, 1999) . If the twin cohort has a tightly-constrained age range, it should be possible to disentangle more accurately the genetic and environmental components of phenotypic variance. There are several merits in the heritability study for pediatric twin compared with adult ones despite some methodological concerns over head motion and age-dependent tissue contrast changes. First, there is less opportunity to expose each twin member to a different environment than if the twins have already reached adulthood. The validity of the twin analysis depends on the assumption that both types of twins experience equal childhood and adult environments, i.e., the equal environment assumption (Morris-Yates A et al., 1990) . Second, examining the differences in the early stage of brain development must be more important and informative because most neuropsychiatric disorders manifest themselves during childhood or adolescence (Giedd JN et al., 2007) . Although there are few pediatric twin studies, all of them have reported that additive genetic effects account for a considerable portion of variability in most brain regions, a finding that is consistent with previous adult studies (Pennington BF et al., 2000; Wallace GL et al., 2006) .
The aim of the present study was to examine the heritability of the human brain morphological variations in a cohort of homogeneously-aged (8-year-old) healthy pediatric twins. We measured cross-twin correlations in a set of morphological indices using fully automated 3D segmentation tools for MZ and DZ twins. We then compared these measurements across two groups using structural equation modeling to determine the genetic and environmental effects on the observed variance in brain tissue volumes and cortical thickness. And, in order to compare with previous region-of-interest (ROI) studies, we defined lobar regions on the hemispheric cortical surface and explored the genetic effect on the averaged cortical thickness within each lobe. According to developmental profile, children with age 7 to 9 are developing reading skills, using more complex language and showing greater ability to control movements and to execute more fine-motor tasks (Copple and Bredekamp, 2007) . The present study is expected to provide a better estimation of the genetic and environmental influences on phenotypic variance since (i) younger twin pairs have largely shared a common environment, unlike adolescent or adult twins who will have experienced different environments, and (ii) studying a homogeneously-aged cohort will reduce the age confound upon the genetic effect of interest.
Materials and Methods

Subjects
The pediatric subjects in the present study are enrolled in the Quebec Newborn Twin Study (QNTS), an ongoing longitudinal study of twins from the Province of Quebec, Canada, who were recruited at birth between 1 April, 1995 and 31 December, 1998. For same-sex twin pairs, zygosity was reliably assessed with combined use of twins' medical files and a shortened version of Goldsmith's Zygosity Questionnaire for Young Twins (Goldsmith HH et al., 1999) , as well as DNA tests for 8 to 10 highly polymorphous genetic markers. Zygosity based on the similarity of these genetic markers corresponded at 96% with zygosity based on physical resemblance (Forget-Dubois N et al., 2003) .
The demographic characteristics of participants in this study are summarized in Table 1 . It has been reported that heritability estimates are not significantly affected by sex (Lenroot RK et al., 2009) . Fifty seven MZ (male/female = 22/35) and thirty five DZ (15/20) twin pairs were scanned at 8 years old using the same MRI scanner (total number of subject = 184), who were the third grade in the elementary school. Hand preference was assessed using the Edinburgh Handedness Inventory (Oldfield RC, 1971) . 43 MZ pairs were concordant for right handedness (RR), 2 pairs were left-handed (LL) concordant, and 11 pairs were right-left discordant (RL). For the DZ subjects, 19 pairs were RR, 11 pairs were RL, and none were LL concordant. There were 1 MZ and 5 DZ twin pairs without handedness information. All the subjects scanned were within the normal gestational age and birth weight for a twin population, which were not significantly different between groups (Table 1) . They underwent physical and psychological screenings to exclude cases of pathology known to affect brain structure. There was no history of significant head injury, a neurological or psychiatric illness, substance abuse or dependence, or first-degree relative with a psychiatric disorder. Cognitive development of participant was assessed using the block-design sub-scale of the Wechsler Preschool and Primary Scale of Intelligence-Revised (WPPSI-R) when they were 60 months old (Wechsler D, 1989) . The WPPSI-R is an individually administered, clinical instrument for assessing the cognitive skills of young children and its block design that we used measures nonverbal intelligence, which is highly correlated to verbal IQ. The full scale IQ whose median was centered at 100 with a standard deviation of 15 was estimated while there were several subjects (7 MZ and 11 DZ individuals) whose information were not available. And, socioeconomic status (SES) was computed from data on household income obtained during a home interview, which was converted into 10-point scales (from 1 to 10): from income less than CAD 5,000 to over CAD 80,000. There was not any significant difference in either IQ or SES between MZ and DZ twin pairs (Table 1 ). Written informed consent was obtained from parents after full explanation of aims and procedures for this study. The study protocol was approved by the scientific and ethics committees of Sainte-Justine and Notre Dame Hospitals in Montreal, Canada.
Image Acquisition and Processing
MRI data were obtained on a 1.5 Tesla system (Magnetom Vision, Siemens Electric, Erlangen, Germany). A three-dimensional T 1 -weighted, sagittal, fast low-angle shot (FLASH) of the whole head, designed to optimally discriminate between brain tissues (T E =10 ms, T R = 22 ms, flip angle = 30°, 160 contiguous slices; matrix size = 224 × 256; 1 × 1 × 1 mm 3 voxels) was acquired. To ensure a high quality, all of the raw data underwent a series of visual quality control (QC) that included the level of intensity inhomogeneity within/between slices, the amount of movement artifacts and geometric distortions (Evans AC, 2006) . Even though there are more than 600 subjects in the QNTS project, only 92 twin pairs passed MRI QC for both twins of the same sex.
The following pipeline image processing steps were applied for further analysis, as described in detail elsewhere (Collins DL et al., 1994; Evans AC, 2006; Kim JS et al., 2005; MacDonald D et al., 2000; Sled JG et al., 1998; Zijdenbos AP et al., 2002) . A pediatric brain template would be more suitable for the morphometric analysis of pediatric brain data than an adult template since a pediatric brain is different from an adult one in size, shape and tissue composition (Hoeksma MR et al., 2005; Wilke M et al., 2003) . We developed a pediatric brain template as the standardized space for subsequent procedures, generated from an independent set of pediatric brain data (Yoon U et al., 2009) . In order to match the age distribution of subjects in this study, MR images of 53 healthy children ( 23 males, 30 females, 8.97±0.56 years old) from the Pediatric MRI Data Repository created by the NIH MRI Study of Normal Brain Development were selected to generate a symmetric iterative group volumetric template (for details, see Yoon U et al. (2009) ). At first, the native MRI data of all subjects were registered into the pediatric template using a linear transformation and corrected for intensity non-uniformity artifacts (Sled JG et al., 1998) . A hierarchical multi-scale non-linear fitting algorithms (ANIMAL, Collins et al., 1994) was then applied (i) to normalize the individual MR images in stereotaxic space, (ii) to provide a priori information i.e. tissue probability maps for subsequent tissue classification using the neural network classifier (Zijdenbos AP et al., 2002) and (iii) to obtain the 3D deformation vector field that maps the individual brain volume onto the template. An artificial neural network classifier was applied to identify gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF). Partial volume errors, MRI intensitymixing at the tissue interfaces due to the finite resolution of the imaging device, were estimated and corrected using a trimmed minimum covariance determinant method (Tohka J et al., 2004; Zijdenbos AP et al., 2002) . Estimating the fractional amount of each tissue type within each voxel improved the accuracy of cortical surface extraction (Kim JS et al., 2005) . Hemispheric cortical surfaces were automatically extracted from each MR volume using the Constrained Laplacian-based Automated Segmentation with Proximities (CLASP) algorithm, which reconstructed the inner cortical surface by deforming a spherical mesh onto the WM/GM boundary and then expanding the deformable model to the GM/CSF boundary (Kim JS et al., 2005; MacDonald D et al., 2000) . The accuracy of this technique had been demonstrated in a phantom-based quantitative cross-validation study, showing the best geometric and topologic accuracies and mesh characteristics of the extracted cortical surface (Lee JK et al., 2006) .
Measurement of Cortical Thickness
Previous studies have shown that human cortices are not simply scaled versions of one another and the expansion of WM rather than GM would be favored in larger brains (Im K et al., 2008; Luders E et al., 2002) . Since cortical surface mesh models for each hemisphere were initially extracted from MRI volumes previously transformed into stereotaxic space, the inverse transformation was then applied to the cortical surfaces so that cortical thickness could be measured in native space. The inner and outer cortical surfaces had the same number of vertices (40962) and cortical thickness was measured by calculating the Euclidean distance between linked vertices on the WM/GM boundary surface and the GM/ CSF intersection surface (Kabani N et al., 2001; Lerch JP and AC Evans, 2005; MacDonald D et al., 2000) . Although more sophisticated definitions of the inter-surface distance are possible, e.g. based on surface normals or streamlines, previous simulation work by Lerch and Evans (2005) has shown that the simple linked-vertex approach exhibits the lowest error rates. To ensure an optimal correspondence at each vertex of the cortical surface model across individuals, we employed an iterative surface registration algorithm with an unbiased iterative group template showing enhanced anatomic detail (Lyttelton O et al., 2007) . Diffusion smoothing, which generalized the Gaussian kernel smoothing, with a 30 mm FWHM (full width half maximum) kernel was used to increase the signal to noise ratio and optimally detect population changes. This kernel size was chosen to maximize the statistical power while minimizing false positives (Lerch JP and AC Evans, 2005) . For comparison of our vertex-based genetic analysis with previous ROI-based analyses, we calculated the lobar-averaged cortical thickness of each subject using automatic lobar parcellation (Im K et al., 2008; Yoon U et al., 2007) , based on an automated surface registration algorithm and a surface template on which lobar boundaries were defined manually (Lyttelton O et al., 2007; Robbins S et al., 2004) . In a previous validation study with 10 randomly-selected left hemispheric GM surfaces, the automatic parcellated lobar area was more than 90% consistent with the manual one using the Kappa similarity index (Im K et al., 2006; Zijdenbos AP and BM Dawant, 1994) .
Measurement of Tissue Volume
We also investigated the genetic and environmental contributions to several tissue volumes in native space: whole cerebrum including bilateral hemispheres, whole GM including cortical and subcortical GM, whole WM including the corpus callosum, and both lateral ventricles. The volumetric brain mask generated from the hemispheric cortical surface was used to differentiate each side of lateral ventricle area from the overall CSF map obtained by tissue classification. The GM map was divided into cortical and subcortical regions via a subcortical GM stereotaxic mask. The corpus callosum was defined from the WM map by a midsagittal brain mask.
Statistical Analysis
Intraclass correlation (ICC) was used to estimate the similarity of one variable between two members within a group (Koch GG, 1982) . The difference of ICC between MZ and DZ twin pairs provides initial information on the magnitude of genetic effects on morphological variation in human brain (Falconer DS and TFC Mackay, 1996) . If any genetic effects are present, the MZ ICC (r MZ ) is expected to be twice the DZ ICC (r DZ ). When r MZ is significantly greater than the corresponding r DZ , it is an indication of significant heritability, the magnitude of which can be roughly estimated by [2(r MZ − r DZ )], the upper bound of which is r MZ (Falconer DS and TFC Mackay, 1996) . When, on the other hand, r DZ is greater than half of r MZ , there is evidence of common environmental influences which can be roughly estimated by [2r DZ − r MZ ].
While the correlation method is merely designed for parameter calculation, structural equation modeling (SEM) is more sophisticated method to quantify the genetic and environmental influences by fitting models positing different patterns of influence upon the data, (Neale MC and LR Cardon, 1992 ). The basic model tests the hypothesis that genetic (A), common environment (C), and unique environment (E) factors account for the phenotype under study. The A term represents the broad sense heritability which reflects the additive genetic contribution to the total phenotypic variance. Although the E term is reflected by the degree to which MZ twins raised together are dissimilar, it includes effects of interactions between genes and environment, and measurement error as well. The univariate ACE models were constructed in Mx which is a software package for SEM combining a matrix algebra interpreter with a numerical optimizer (Neale MC et al., 2003) . Statistical significance of variance components was determined by comparing the likelihood from models with or without the parameter. The difference in maximum likelihood between any model and a nested submodel follows a χ 2 distribution with one degree of freedom. The threshold for statistical significance was set at an α of 0.05. Correction for multiple comparisons was performed using false discovery rate (FDR) at a q-value of 0.05 (Genovese CR et al., 2002) . Power analyses were generated using simulations, which based on finding the non-centrality parameter by constraining parameters to zero and refitting the model (Posthuma D and DI Boomsma, 2005) . The non-centrality parameter is directly related to the sample size required to reject the false model with a specified power and a significance level of 0.05. Table 2 shows the MZ and DZ ICCs for several brain tissue volumes. The proportion of variance shared by DZ twins was lower than that observed in MZ twins for all brain tissue volumes except the right lateral ventricle and corpus callosum. Next, we estimated the genetic and environmental components of variance using combined information in the variance-covariance matrix for each volumetric measurement. Table 2 also presents estimation of A, C, and E as derived from the univariate genetic model of the observed data. As expected from the differences in MZ and DZ ICCs, relatively large common environmental influence on the right lateral ventricle (0.36) and corpus callosum (0.36) volumes were observed while the additive genetic effects of phenotypic variance were substantial for all other brain tissue volumes. In particular, only the left cortical GM volume showed a significant genetic effect.
Results
Regional Tissue Volume
Cortical Thickness
The cross-twin ICC of cortical thickness at the vertex level is displayed in Figure 1 . Note that r MZ was considerably higher than r DZ across the whole cortical surface. In particular, r MZ (mean±standard deviation: 0.49±0.12) was almost twice as large as r DZ (0.14±0.12) in left hemisphere, which suggested additive genetic variance. On the other hand, several regions in the right hemisphere such as the anterior cingulate cortex and insula had an r DZ (0.50) that was greater than half of r MZ (0.55), indicating that cross-twin ICCs of those regions were produced mainly by common environmental effects (2r DZ -r MZ = 0.45) rather than genetic ones (2(r MZ -r DZ ) = 0.10). Table 3 shows cross-twin correlations for each hemisphere and lobe. All of the left hemisphere and lobes demonstrated significantly higher r MZ (0.59 -0.73) compared with the r DZ (0.00 -0.33). Even though the r MZ values (> 0.5) in the right hemispheric regions were as high as those in the left one, r DZ in those regions was also relatively high, especially the frontal (0.23) and occipital (0.31) lobes. This could be attributed to the left-lateralized genetic effects and right-lateralized environmental effects on the variation of cortical thickness for pediatric brain. This would be confirmed by the following formal estimation of the genetic and environmental influences using the combined information in the variance -covariance matrix. Figure 2 shows the vertex-based estimation of genetic and environmental influences on cortical thickness variance derived from the full ACE model. Power analyses showed that with this sample we had more than an 80% chance of detecting cortical points with heritability values of 50% or greater. Heritability estimates ranged from 0 to a maximum of 0.78 (left) and 0.67 (right). Regions where heritability was over 0.60 were found bilaterally in the primary motor cortex. Unilateral foci were found in the left insula, uncus, superior occipital gyrus, parahippocampal gyrus, middle and inferior frontal gyri, and the right precuneus, medial frontal and occipitotemporal gyri. Although common environmental influences were not significant for any regions, the right anterior cingulate cortex and insula exhibited rather high value (> 0.50). This increased common environmental effect was consistent with the high r DZ (> 0.50) of those areas (Figure 1 ). While there was no region with significant genetic effect in the right hemisphere that could be explained by a rather high common environmental effect, the middle and inferior frontal gyri, lateral fronto-orbital and occipitotemporal gyri, pars opercularis (Broca's area), planum temporale (Wernicke's area), precentral and parahippocampal gyri, and medial region of the primary somatosensory cortex of the left hemisphere showed statistically significant heritability of cortical thickness (Figure 3(a) ). All of the left hemisphere and lobes except temporal lobe showed statistically significant genetic effects (0.59 -0.72) as expected (Table 3) . These results indicate that left hemispheric cortical morphology is more genetically determined and that the right hemisphere is more susceptible to environmental factors. In order to verify if there was any influence of handedness on heritability of cortical thickness, the same vertex-based genetic analysis was applied to only right-handed twin pairs (see Table 1 , MZ: 43 pairs; DZ: 19). While this showed a little larger common environmental effect compared with the result from all twin pairs, we observed left-lateralized genetic trends in the same areas as for the entire sample, albeit that these trends just failed to reach significance (see Supplementary  Figure 3 ). Although the number of left-handed subjects omitted was relatively small (N= 60) with respect to the total sample size under study (N=184), they represented 46% of the DZ population and their removal had a significant impact on the power of the analysis.
We performed a similar analysis to measure the genetic influence upon cortical thickness asymmetry, substituting an asymmetry index for cortical thickness. We defined the asymmetry index (A) of cortical thickness (T) between left and right hemispheres for each subject as follows:
Figure 3(b) shows the significance of the genetic effect on this cortical thickness asymmetry. All of areas that showed left-lateralized genetic effects on cortical thickness were included in regions of significantly heritable hemispheric asymmetry.
Discussion
Interest in understanding genetic effects on brain structure and function is increasing rapidly within the neuroimaging community (Glahn DC et al., 2007) . Twin studies in genetic epidemiology are popular since the comparison between MZ and DZ twins provides a unique and powerful method of partitioning genetic and environmental sources of covariance. In this study, we have analyzed the heritability of several brain tissue volumes and cortical thickness in a cohort of healthy pediatrics twins. Although several pediatric twin studies have reported genetic and environmental influences on brain morphometric measures, most of them included subjects with wide age ranged from early childhood to adolescent (Eckert MA et al., 2002; Pennington BF et al., 2000; Wallace GL et al., 2006) . This complicates any generalization of the results since brain volumes undergo dynamic changes with age. Cortical growth rate is different with respect to the lobes and gyri even if brain folding is almost complete by birth (Blinkov SM and II Glezer, 1968) . Moreover, the influences of genetic and environmental factors on human brain structure also change with age. It has been previously shown that frontal and temporal GM structures have a decreasing genetic but increasing environmental variance component with age (Wallace GL et al., 2006) . In homogeneous age groups, therefore, more accurate heritabilities at their developmental stage can be provided even though findings from this study might not be applicable to different age populations such as younger children, adolescents or adults (Peper JS et al., 2007) . To the best of our knowledge, this is the first heritability study of cortical thickness and regional tissue volumes for homogeneously-aged pediatric twins. The key point is that one must first isolate the genetic effect without an age confound in a homegenously-aged cohort. While the result from an 8-year-old population may not be immediately generalizable to younger or older cohorts, the solution to the problem of generalizability is not to have a heterogeneously-aged cohort. This will only tend to confound aging and genetic effects. Although the classical twin method is generally insufficient for detecting common environmental influences on brain morphological variability due to subject heterogeneity, our study provides a better estimate of environmental influence by virtue of the homogeneity in the ages and growing environment of the subjects, respectively.
The cross-twin ICCs for MZ twins were significantly higher than those for DZ twins for cortical thickness in all cortical areas, except for right anterior cingulate cortex and insula, and for all brain tissue volumes except for the right lateral ventricle and corpus callosum. These results were consistent with previous studies (Geschwind DH et al., 2002; Thompson PM et al., 2001; Wallace GL et al., 2006) . Though it might seem unnecessary to consider brain morphological differences between MZ twins because of the identical genotype of MZ twins, there are various reasons why MZ twins might still have different brain morphological features. For example, different placental location between twins can make intrauterine blood supply unbalanced (Gilmore JH et al., 1996) . Birth order with a possibly less favorable oxygen supply for the second twin can also result in different brain morphology (Mohr A et al., 2004) . Therefore, the observed phenotypic differences between MZ twins might be explained by the environmental factors rather than by the genetic effects. Generally, "common environment" refers to the life experience shared by co-twins, including the intrauterine environment, early familial factors such as the rearing environment and their joint exposure to the same social and cultural environment.
As shown in Table 2 , genetic factors accounted for most of the phenotypic variance in most brain tissue volumes, whereas the right lateral ventricle (0.36) and corpus callosum (0.36) showed a relatively large common environmental effect. It seems that a significant genetic influence on human brain morphology is already presented in childhood, and moreover, even in old age, variation in the brain volumes remains to be mainly explained by genetic factors (Peper JS et al., 2007) . Previous studies have also reported the high heritability estimates for overall brain size and global GM and WM volumes (Baare WF et al., 2001; Bartley AJ et al., 1997; Geschwind DH et al., 2002; Pennington BF et al., 2000; Wright IC et al., 2002) . In particular, GM volumes (0.65) tend to be less heritable compared with WM ones (0.80), which is consistent with the notion of synaptic plasticity in response to environmental influences and activity (Giedd JN et al., 2007) . Although the variation in the corpus callosum has been shown to be highly heritable (Pfefferbaum A et al., 2000; Scamvougeras A et al., 2003) and the genetic effect achieved statistical significance in our study, a relatively strong common environmental influence (0.36) on the corpus callosum was also observed. It has been reported that a significant increase in the size of the corpus callosum, relative to total intracranial volume, occurs during early childhood (Schaefer GB et al., 1990) . This might reflect the fact that myelination of the corpus callosum is still under way at those ages. Observed post-natal changes will therefore be ascribed to environmental effects, with a concomitantly decreased heritability relative to the adult population. In addition, individual differences in the lateral ventricle volume have been mainly explained by environmental factors, suggesting that the neighboring brain tissue, such as subcortical GM, is at least partly influenced by these environmental factors (Baare WF et al., 2001; Hulshoff Pol HE et al., 2006; Wright IC et al., 2002) .
Several regions in the left hemisphere (middle and inferior frontal gyri, lateral fronto-orbital and occipitotemporal gyri, pars opercularis, planum temporale, precentral/ parahippocampal gyri and medial primary somatosensory cortex) showed statistically significant heritability for cortical thickness. These left-lateralized genetic effects were mostly involved in language processing and the somatosensory system, which was consistent with the developmental profile of 7-to 9-year-old children with regard to intellectual and physical aspects. As mentioned above, children with age 7 to 9 are developing linguistic refinement and auditory discrimination skills, and are more capable of finemotor tasks (Copple and Bredekamp, 2007) . And, it has been suggested that the cerebral hemispheres might experience different genetic influences on cortical morphogenesis, with the languagedominant left cerebral cortex under stronger genetic control than the right (Tramo MJ et al., 1995) . Given that the neural subsystems mediating speech and language functions are largely lateralized within the left hemisphere in humans, and language, as predicated on the rules of syntax, is a unique human behavior, our findings of a stronger genetic influence on the left than right cortical morphogenesis is an intriguing association that may shed light on the neurobiological bases of human evolution (Tramo MJ et al., 1995) .
The functional asymmetry for language in the human brain correlates with the structural asymmetry of two regions, Broca's and Wernicke's area (Foundas AL et al., 1995; Geschwind N, 1970) . It also has been reported that functional and structural asymmetry for language is strongly associated with hand preference (Benson DF, 1986; Geschwind N, 1970) . Although little is known about the genetic basis of cerebral laterality, several researchers have explored the genetic models of handedness and report that right-handed people inherit the cerebral laterality for language and motor dominance to a greater degree than nonright-handed ones (Klar AJ, 1999; McManus IC, 1991) . It was reported that genetic factors contributed twice the influence to hemispheric volume in right-handed twin pairs, suggesting a large decrement in genetic control of cerebral volumes in the nonright-handed twin pairs (Geschwind DH et al., 2002) . While limiting the number of twin pairs to only right-handers (see Table 1 , 75% of MZ (43 pairs) and 54% of DZ (19 pairs)) might dilute the significance of genetic effects, there was no significant difference between the asymmetry results for only right-handed twins and for all twins (see Figure 1 and Supplementary Figure 3) . Instead, a similar trend of left-lateralized genetic effects was also observed for right-handed twin pairs only, albeit failing to reach significance, probably due to the small sample size. Even though they differ from previous volumetric findings of handedness effects on heritability (Geschwind DH et al., 2002) , our findings were in close agreement with the recent result from Lenroot et al. (2009) which reported that heritability estimates of cortical thickness were not significantly affected by handedness.
Common environmental factors accounted for most of the phenotypic variance in the right lateral ventricle and corpus callosum volumes as well as cortical thickness of the right anterior cingulate cortex and insula. Even though the size of the common environmental effect did not achieve statistical significance, these brain morphological variations may still provide biological markers for the common environmental influences in siblings. This might be primarily maternal in origin since brain growth is largely completed in the prenatal and early postnatal period (Dekaban AS, 1978; Epstein HT, 1986; Roche AF et al., 1987) . Contrary to the findings in this study, common environmental factors in adult twin studies have been reported previously to be almost twice as strong in frontal and temporal regions of the left hemisphere compared to those in the right hemisphere (Geschwind DH et al., 2002) . There are several plausible reasons for this apparent contradiction. First, the age difference may be one of the factors since the relative contributions of genetic and non-genetic factors vary with developmental brain trajectories (Geschwind DH and BL Miller, 2001; Wallace GL et al., 2006) . Secondly, the different methodology for brain morphometric measures such as GM density (Hulshoff Pol HE et al., 2006) , cortical gyral pattern (Bartley AJ et al., 1997) and cortical thickness (Lenroot RK and JN Giedd, 2008; Lenroot RK et al., 2009) might yield different heritability estimates.
Methodological Considerations
A number of methodological factors should be considered when interpreting the results of this study. a) Regional Parcellation-The contribution of measurement error or bias in regional partitioning has been previously identified as a major cause for the lower heritabilities in lobar regions (Geschwind DH et al., 2002) . However, for the present study, it is intriguing that there is no significant difference in the cross-twin correlation and heritability between the whole hemisphere and each lobe. This suggests that any lobar parcellation errors do not affect the estimation of lobar volume heritability. In addition, previous validation studies (Im K et al., 2008; Yoon U et al., 2007) showed that the automatic lobar parcellation extracted reliable boundaries between lobes. Most volumetric heritability studies have been focused on a few specific ROI that are relevant to a particular neurobiological question (Baare WF et al., 2001; Eckert MA et al., 2002; Pfefferbaum A et al., 2000; Scamvougeras A et al., 2003) . Even though studies have been performed on the estimation of genetic influences in typical populations for nearly all small substructures defined from MR brain images, low power and multiple testing issues caused by small sample size and variability in regional boundary have made those results unacceptable (Wright IC et al., 2002) . Recently, various approaches to define functionally meaningful regions from the cortical surface have been presented (Clouchoux C et al., 2006; Fischl B et al., 2004; Lohmann G and DY von Cramon, 2000) even though there are still many controversies. For example, sulcal boundaries are used to define cortical regions, even though these boundaries can be quite different among individuals and do not necessarily correspond to real functional boundaries. If a more reliable parcellation for cortical substructures is used for future heritability studies, it would be possible to estimate genetic and environmental influences on more focallydefined brain regions that have clearer functional relevance than just the lobes used in this study.
b) Statistical Modeling-The Falconer's method for estimating genetic variance is somewhat less powerful than the SEM method providing a more conservative tests of significance (Christian JC et al., 1995) . However, it would be helpful to other researchers because ICCs are provided as a frame of reference as in this study. On the other hand, there have been several reports that estimate genetic variance and its significance from the reduced AE model, i.e. the ACE model without the common environment term. However, this strategy might yield too low power for relatively small twin studies or generate biased results due to questionable acceptances of the null hypothesis by ignoring the common environmental effect (Christian JC et al., 1995) . Therefore, it is recommended that comparison of the ACE and CE models should be used to estimate and test the significance of genetic effect. c) Regional Volume vs. Vertex-based Analysis-Vertex-level analysis has the advantage of increased spatial resolution, as well as a lack of a priori constraints on the data. However, it can also raise the issue of measurement errors in the analysis and subsequent multiple testing due to the more exploratory nature of the method. Nevertheless, this technique offers great promises in identifying subtle effects of genetic factors on brain structure that may be obscured by using only lobar measures. On the other hand, cortical gray matter volume is affected by both the thickness of the cortex and its surface area. They are determined by different types of cell division during the genesis of the cortex, suggesting that cortical thickness and area may be affected by different factors during evolution and individual development (Rakic P, 1988 (Rakic P, ,1995 . Although developmental changes in both cortical thickness and surface topology during childhood and adolescence have been reported, little is known about how longitudinal changes in these measurements may relate to each other (Gogtay N et al., 2004; Sowell ER et al., 2002) . These findings suggest that variations in cortical thickness and lobar volumes may be controlled by different factors, and tha t caution should be observed in considering gray matter volume and thickness as equivalent measures. In conclusion, our results show that left-lateralized genetic and rightlateralized common environmental influences account for individual differences in human brain structures. This lateralization appears weighted toward a greater genetic influence upon left hemispheric areas involved in language processing.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Intraclass correlation map for cortical thickness. Color bar displays the scale of the correlation value. MZ correlations were significantly higher than those for DZ at most of vertices in both hemispheres. Estimates of genetic and environmental influences at each vertex from the hypothesis that additive genetic (A), common environment (C), and unique environment (E) factors account for the variance of cortical thickness between twins. Color bar displays the scale of proportional variance value. Brain regions with significant genetic effects on cortical thickness (a) and its hemispheric asymmetry (b). Each vertex is color-mapped for level of significance following the application of an FDR threshold. Since there is no region with a significant genetic effect in the right hemisphere, only the left hemispheric cortical surface is displayed. In particular, Broca's area (BA 44), parahippocampal gyri (BA 34) and the medial region of primary somatosensory cortex (BA 1, 2, 3) showed a statistically significant heritability of cortical thickness (a). These areas were included in regions of significantly heritable hemispheric asymmetry (b). It meant that left-lateralized genetic influences on cortical thickness were rather caused by structural asymmetry. Table 1 Demographic characteristics of the twin sample. 
